Ozone number densities in the altitude range 22-62 km were determined by a rocket measurement of the absorption of solar ultraviolet radiation in three bands within the range 250-370 nm. This sonde was flown on January 23, 1970 from Uchinoura.
Introduction
Although the ozone in a vertical column of air amounts to only about 3 mm NTP, it plays an important role in air physics and chemistry because of its strong light absorption and its high chemical reactivity.
In the lower stratosphere, the ozone content is a quasi-conservative quantity and hence can be used in the studies of the transport properties of the atmosphere.
At higher levels, ozone is an important constituent that determines the earth's radiative-thermal budget, together with carbon dioxide and water vapor. Thus ozone measurements in the stratosphere and mesosphere can yield valuable information on atmospheric structure and dynamics.
Measurements of the total amount of ozone have been carried out routinely from ground-based stations throughout the world. In some stations measurements of the vertical distribution up to about 50 km have been made by means of the Umkehr method or by balloon-borne ozonesondes.
The photochemistry of the ozone layer has been discussed extensively, yet it has not yet been thoroughly understood because of limited information on the chemical reactions to be taken into account, rate constants and effects of atmospheric motion. The basic theory of the formation of atmospheric ozone was first given by CHAPMAN (1930) , and since then many others have developed this theory. HUNT (1966a) and LONDON (1967) and others studied photochemical reactions in the oxygen atmosphere. The nitrogen-oxygen atmosphere is more actual of the earth's atmosphere, and photochemical processes for this case were studied by BATES (1954) , NICOLET (1954 NICOLET ( , 1955a NICOLET ( , 1955b , and others. The presence of hydrogen leads to many more possible photochemical reactions.
The photochemical calculations in the moist atmosphere were carried out by BATES and NICOLET (1950) , HORIUCHI (1961) , RONEY (1965) , HUNT (1966b) , HESSTVEDT (1968a , 1968b ), and LEOVY (1969 .
The purpose of our observation is to obtain the data of the vertical profiles of ozone, temperature, and wind at altitudes up to 70 km, and to find out the precise photochemical reactions that can explain the observed results consistently.
Instrumentation
The rocket-borne ozonesonde is composed of an echosonde, a temperature sensor, an ultraviolet photometer, and a parachute (Fig. 1) . The echosonde is the same type as the MT-135 meteorological rocketsonde (ES-64B rocketsonde), which is a kind of transponder operating in the meteorological frequency band of 1680 MHz.
The nose-cone is separated from the rocket engine near apogee and then the instrument is pushed out of the nose-cone and descends on a drag parachute.
Air temperature and solar ultraviolet radiation are measured as the instrument descends. The echo-sonde receives the pulse signal, carrier frequency of 1673 MHz, from the ground. station and then transmits the return pulse, carrier frequency of 1687 MHz. nickel-iron alloy, 20p, in diameter, 18 cm in full length, is stretched in a zigzag fashion between two fine nylon strings. When deployed, the sensor is held 14 cm away from the sonde-case to avoid disturbed air flow. The reduction of air temperature and the magnitude of the correction are discussed by YATA (1970) .
We utilize the absorption of ozone in the ultraviolet region of the solar radiation for the measurement of the amount of ozone above the instrument. Solar radiation is diffused uniformly by a domed light collector, 4.4 cm in diameter, 3.8 cm in height, which is made of fused silica and smoked with MgO on the inside face. The upper part of the collector was made opaque to minimize the effect of the swinging of the sonde during the parachute descent.
The variation of the output radiation from the light collector with solar zenith angle z is shown in Fig. 2 . The radiation from the light collector decreases for z>70°, but is practically uniform for z between 0° and 70°.
The spectral region of interest is isolated by a broad band filter (nickel-sulfate filter). This signal is then broken into narrow spectral bands by three interference filters and a black filter mounted on an intermittently rotating wheel. The filter wheel is rotated at the rate of 1/7 rps. Three interference filters having the maximum spectral transmittance at 280, 300, and 340 nm respectively have the half-width of about The performance of the parachute was unsatisfactory.
The cross-section area of the parachute was about 3 x 104 cm2 within 10 seconds after the ejection, and then decreased to about 3 x 103 cm2 in five seconds : that is, the effective diameter of the parachute was about 2 m just after the ejection, then decreased to about 60 cm in 15 seconds, and remained about 30 cm between the altitude of 40 km and 20 km as shown in Fig. 6 . The method of deduction of the effective cross-section area is given in Appendix 1.
Because of parachute failure, the falling speed of the sonde was so high, as shown in Fig. 7 , that no data of wind and temperature could be obtained, The record of the ultraviolet photometer was obtained despite the parachute failure down to the sea level. The output of the photometer showed rapid oscillations caused perhaps by the oscillations or rotations of the sonde. The frequency of the oscillations was about 5 c/s between 158 sec (altitude of 70.0 km) and 200 sec (51.2 km) after launch, then decreased to about 1 c/s by 230 sec (30.9 km) and remained between 2 and 0.5 c/s for the most part after that.
Data reduction

4.1
Reduction'of ozone'density Output signal Ei of the photomultiplier when the i-th filter is inserted is given by Tf12:= spectral transmission of the i-th filter, i=1, 2, 3 S2 = spectral sensitivity of the photoemissive surface 1-02=intensity of sunlight outside the atmosphere per unit area normal to the direction of the sun = wavelength in nm a2=absorption coefficient of ozone P2=Rayleigh scattering coefficient z=zenith angle of the sun x =amount of ozone above the instrument level at NTP m =air mass above the instrument p = current amplification factor of the photomultiplier Gfi=effective cross-section area of the i-th filter Tpi::---average transmission of the light collector for the i-th filter c = constant for the instrument Tn order to simplify the computation, we introduce the following effective absorption coefficient cri,-and effective scattering coefficient fii for the i-th filter :
then equation (1) becomes sec z-,80/ sec z(7)
[F] can be calculated from Fig. 3 . The ratio of the output of the i-th filter to the j-th filter is given by
Taking the decadic logarithm of equation (8) we have
The last term on the right-hand side of equation (11) represents the effect of the Rayleigh scattering and can be safely neglected at any altitude above 20 km.
If A i; is obtained by the procedure described in the following section, x is calculated by equation (11). Then ozone density n(03) is given by where h is the altitude of the instrument.
4.2 Evaluation of Eif As described previously, the output of the photomultiplier oscillated rapidly for a while when the light collector was exposed to solar radiation. This was presumably caused by the oscillations or rotations of the sonde. This effect was evaluated on the following simple assumptions :
(1) Angular response of the light collector is uniform for z<90°.
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(2) The axis of the rocketsonde takes any direction with equal probability. E1=KsEiav (17) where E1 is the average output read from the recorder. This procedure was applied to the data at altitudes between 70.0 km (158 seconds after launch) and 37 .7 km (220 seconds) .
Ratios of output E1/E3,/E2/E3 thus obtained are shown in Fig. 9 . B1, E, and E, are the outputs for the filters 280, 300 and 340 nm respectively.
4.3
Determination of A13 and An At the highest altitude hg where E1/E1 is obtained, equation (II) can be written as where the last term on the right-hand side of equation (11) is neglected.
We obtained hg =66 km for E1/E3 and h3=54 km for E2/E3. Amounts of ozone above the altitude hg were supposed to be Ozone amounts so far measured or theoretically calculated by many workers take a value within the following ranges x (66 km) =2 x 10-5-2 x 10-4 cm and (20) x (54 km) 3 x 10-4-2 x 10-3 cm When x(hg) was varied within the ranges given by equation (20), A" and A. give different values from equation (19), but deviations of reduced n(03) remained constant within 10%. On the other hand, A15 would be estimated by equation (9). This estimation is given in Appendix 2.
Result and Discussion
The ozone densities obtained from this flight are shown in Fig. 10 together with the observed and theoretical results given by others. Our ozone densities at altitudes between 62 and 52 km were calculated from Ei/E3 and between 52 and 20 km, from E2/E3.
Errors of the estimated ozone profile are mainly due to the dispersion of the measuring points and the assumption of the specific attitude of the sonde. Maximum errors are estimated to be ±52% at 60 km, ±30%at 50 km, ±37% at 40 km, ±11% at 30 km, and ±55% at 20 km.
Ozone densities obtained by a balloon-borne ozonesonde at Kagoshima on 22 January (the day before the launch of the rocket) took a smaller value at 30 km but a much larger value at 22 km than ours. Average ozone densities obtained by the balloon-borne ozonesonde there on 1, 8, and 29 of January, 1970 are (3.4±0.2) x 1012 molecules cm' at 30 km, (4.5±0.3) x 1012 molecules cm-3 at 25 km, and (3,3±0.5) x 10" molecules cm' at 20 km. The ozone densities on 22 January are therefore exceptionally 220H.
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Vol. XXII Nos. 3-4 low above 26 km, compared with average dmsities.
Our ozone densities lie between the two kinds of theoretical profiles, for a moist atmosphere model (HUNT, 1966b, and HESSTVEDT, 1968a,b) and for an oxygen atmosphere model (see Appendix 3) above 32 km. Below 32 km, our densities are lower than those for both kinds of theoretical models. Moreover our measured profile is closer to that for a moist atmosphere model in most layers, except the layers around 57 km.
Ozone profiles obtained from rocket measurements by HILSENRATH, et al. (1968) and OGAWA and TOHMATSU (1970) also lie between the two kinds of theoretical profiles mentioned above in most layers. The theoretical profile by HESSTVEDT shows a good agreement with that from the rocket measurement given by HILSENRATH, et al. in layers between 58 and 26 km. Below 26 km the profile of HILSENRATH, et al. is closer to the theoretical profile for an oxygen atmosphere model. Average distribution obtained by balloon-borne ozonesondes at Kagoshima in January is closer to that for an oxygen atmosphere model.
Measured ozone distributions so far discussed seem to support the theory of a moist atmosphere model above 26 km. Below 26 km the observed distributions are favorable for the theory of an oxygen atmosphere model, too. Further experiments and refinement of the theory are necessary.
Our theoretical calculation of the ozone distribution for an oxygen atmosphere model is briefly described in Appendix 3. The parachute cross-section area can be derived by the same procedure as PETERSON and MCWATTERS (1963) used to derive atmospheric density from a falling sphere.
The energy dissipated by drag on a parachute from an upper altitude h. to a lower altitude hi may be obtained by integrating equation (21), with respect to distance along the trajectory
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where s is the distance along the parachute trajectory and s. is the distance at the level of h., and si is at the level of h1.
Energy dissipated is equal to the change of the sum of kinetic energy and potential energy of the sonde between altitudes h. and hz 4E,M(4PE+ZIKE) (23) where 413E =the change of the potential energy per unit mass of the sonde tIKE=the change of the kinetic energy per unit mass of the sonde M=the mass of the sonde.
Equation (22) (24), (27) and (28) into (23) where TM i is the average transmission of MgO smoked on the fused silica for the i-th filter and ri is the average reflectance of MgO for the i-th filter. Then Aii is given by TM i and TM i were measured and the values of ri and ri were adopted from GRUM and LUCKEY (1968) . The values thus reduced were Al 3 -= 0.307, A23=-0.513
These values were different from the values of equation (19) by about 20%. Differences would be caused by the assumption of an integrating sphere, so we used A13 and A,, given by equation (19) for the calculation of n(03). Appendix 3. Photochemical ozone distribution in a pure oxygen atmosphere.
The reaction scheme considered in the present calculation was
The units used are cm' molec-2 sec-' for k1 and k2, cm' molec-1 sec' for k3-k13, and sec-1 for k14-k16. Quantum yields of primary photodissociations were all taken as unity. TTTIT , 2a, , 2b, , 3a, , 3b, j3c, , T3d, and J3 , are the dissociation rates for the corresponding photolytic reactions. 0(3P) and 02(3.E) are denoted by 0 and 02.
From the reaction scheme listed above we can write down differential equations to express the time variations for the components in our model atmosphere.
The number density of O(1D) is denoted by [0(1D)], and similarly for the other components. Under the assumption of a Lorentz line shape due to predissociation and the random-model theory (GooDY, 1964) Absorption coefficients of 02 in the Herzberg continuum were taken from the data of DITCHBURN and YOUNG (1962) . Ozone absorption coefficients were taken from the data of INN and TANAKA (1959) . Solar spectral irradiance data were taken from JOHNSON (1954) and CRAIG (1965) . Temperature and density data were taken from COLE, et al. (1965) and CHAMPION (1967) .
Equilibrium ozone densities were calculated for the mean daytime solar zenith angle in January at 31°N latitude and shown in Fig. 10 by the symbol 1111{111.
